Candida albicans is the most common fungal pathogen, causing skin and mucosal infections in generally healthy individuals, life-threatening infections in immunocompromised patients, and leading to death in up to 50% of patients with bloodstream infections.
1,2)
C. albicans is known for its unstable genome. The instability of the chromosome copy number of entire chromosomes, as well as the large portions of chromosomes was extensively studied with laboratory and freshly isolated strains using pulse-field gene electrophoresis (PFGE) as reviewed by Rustchenko, 3) Rustchenko and Sherman, 4) and Selmecki et al. 5) Combined with Southern blot analysis, PFGE allowed limited analysis of gene copy number, and also could be extended to the analysis of chromosome deletions and other rearrangements. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Recently, array technology opened a new dimension in the study of genome instability. Array comparative genomic hybridization (array CGH) allows the detection of genomic variations across a whole genome. When the CGH intensity data are plotted as a function of position on the genetic map, aneuploidy of chromosomes or chromosomal segments are readily identified. The availability of the C. albicans strain SC5314 genome sequence has allowed the construction of microarrays for the analysis of gene copy number. Berman's laboratory largely used array CGH to demonstrate aneuploidies in C. albicans derivatives of the sequencing strain SC5314, several laboratory strains, as well as clinical isolates, as reviewed by Selmecki et al. 5) Also, Thewes et al. 16) used array CGH to elucidate the genomic diversity among C. albicans less virulent strain ATCC10231 and the reference sequencing strain SC5314 in the hope to uncover genetic basis of pathogenicity. Although some variable genes were identified, this study was limited to a single strain.
Despite the extensive effort of various laboratories, a comprehensive study, which would include various strains and which would focus on the DNA sequence and gene copy number variability is still lacking, although this approach was applied to other organisms, including Saccharomyces cerevisiae. 17, 18) In order to fill this need, we examined the genomic contents of eight clinical isolates, as compared to the SC5314 reference strain, using array CGH. The Cluster Along Chromosomes (CLAC) algorithm was employed to identify variable genes. Genotyping Analysis Polymerase chain reaction (PCR) for MTL status and the ribosomal RNA (rRNA) gene transcribed spacer region was done as previously described. 19) DNA Isolation C. albicans isolates stored at Ϫ80°C were streaked on a Sabouraud agar plate. After incubation overnight at ϩ30°C, several colonies were collected and inoculated overnight in 5 ml YEPD medium at ϩ30°C, harvested and washed with distilled water, resuspended in 200 ml lysis buffer (2% Triton X-100, 1% sodium dodecyl sulfate (SDS), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris, pH 8.0). DNA was isolated as described by Hoffman and Winson. 20) DNA was purified using the PCR Clean-up NucleoSpin Extract II Kit (Macherey-Nagel, Germany) according to manufacturer's instructions.
MATERIALS AND METHODS

Isolates and Culture Conditions
Microarray Production For the production of spotted DNA-microarrays, 7925 70 mer oligonucleotides targeting the ORFeome of C. albicans were printed triplicate on amino silaned glass slides using a SmartArrayer TM microarrayer (CapitalBio Corp.). Prior to hybridization, the slides were rehydrated over 65°C water for 10 s, UV cross-linked at 250 mJ/cm 2 .
DNA Labeling for Array CGH Analysis
The generation of DNA fragments by sonication was performed with 10 mg buffered DNA sample. For each labeling reaction, 3.5 mg of fragmented DNA and 4 mg of random nonamer were heated to 95°C for 3 min and snap cooled on ice, then 10ϫKlenow buffer, dNTPs and Cy5-dCTP or Cy3-dCTP (GE HealthCare) were added at final concentrations of 120 mM each dATP, dGTP, dTTP, 60 mM dCTP and 40 mM Cydye, respectively. Klenow enzyme (1 ml, Takara, Dalian, China) was added and reaction was performed at 37°C for 1 h. The labeled DNA was purified with a PCR Clean-up NucleoSpin Extract II Kit. All samples had dye-swap replicates to remove any dye bias.
Microarray Hybridization, Scanning and Data Processing For array CGH, the labeled control and test samples were mixed into 80 ml hybridization solution (3ϫSSC, 0.2% SDS, 50% formamide). DNA in hybridization solution was denatured at 95°C for 3 min prior to loading on the microarray. The arrays were hybridized at 42°C overnight and washed with two consecutive washing solutions (0.2% SDS, 2ϫSSC for 5 min at 42°C and 0.2% SSC for 5 min at room temperature). Two types of arrays were performed under the same experimental conditions; one was a normal array (reference/reference hybridization) and the other test arrays (reference/test hybridization).
Arrays were scanned with a confocal LuxScan TM scanner (CapitalBio Corp.), and the data of obtained images were extracted with LuxScan 3.0 software (CapitalBio Corp). A spatial and intensity-dependent normalization based on a LOWESS program was employed.
21) The normalized log 2 (test/control) ratio of signal intensity was considered as a measure of the relative abundance of each gene relative to that of the reference isolate SC5314. We used CGH-Miner for statistical analysis of DNA copy number gains and losses. 22) CGH-Miner uses a "Cluster Along Chromosomes (CLAC)" algorithm, which builds a hierarchical cluster-style tree along each chromosome (or chromosome arm), and the neighboring genes with positive and negative ratios are separated into different clusters. Gains and losses are then called significantly based on the height and width of clusters, and a false discovery rate (FDR) is estimated by comparison to normal-normal hybridization data. Consensus FDR, which is an estimator of the consensus result of the gain/loss across all samples, is also calculated. For data smoothing, the parameters were set for BAC analysis, to produce a moving window of three ORFs for averaging the hybridization signal.
18) And the cluster tree was built on whole chromosomes.
Variable genes identified by array CGH were validated by quantitative real-time PCR (qPCR) using 7500 Real Time PCR system (Applied Biosystems) and SYBR Green I (Takara Bio, Tokyo, Japan). The DNA copy number of the variable genes was determined relative to the gene TDH3 (orf19.6814), a reference gene that array CGH showed not to vary in all the clinical isolates. We used the comparative Ct method (2
ϪDDCt
) to determine target gene copy number in the test isolates relative to the reference gene and the reference DNA sample of SC5314. 23, 24) Raw data have been deposited in NCBIs Gene Expression Omnibus (GEO) and are accessible through GEO series accession number GSE18819. Functional annotations and GO term association was done following Candida Genome Database (CGD) annotations.
RESULTS
Characterization of Isolates
A total of eight C. albicans isolates were isolated from eight different patients attending the same hospital in the year 2006 (Table 1 ). All the test isolates and the reference isolate SC5314 were maintained on Sabouraud agar plates at 4°C or as Ϫ80°C stocks in 30% glycerol. Initially, the isolates were streaked for independent colonies on CHROMagar medium (CHROMagar Company, Paris, France) and incubated, as recommended by manufacturer. If the green color of the colonies indicated C. albicans, we then performed, in addition, polymerase chain reaction (PCR) with primers that amplified the ITS1 region of ribosomal DNA (rDNA), which also designated the ATP-binding cassette (ABC) type of each isolate (ABC type). 19) ABC typing revealed that isolates SC5314, U885, S204 and S727 were of genotype A, isolates F32, S241 and S9-04 were of genotype B, and the rest two isolates (P546, S197) were of genotype C (data not shown).
Statistical Analysis of Array CGH Data We estimated the DNA content of each of eight clinical isolates with array CGH approach, as compared to a control sequencing strain SC5314. Every microarray contained 19056 probes representing 6111 ORFs of SC5314 (Materials and Methods). We calculated the DNA content of every gene, as the ratio test/control and, subsequently, averaged the six values corresponding to six data points (Materials and Methods). Furthermore, we used CGH-Miner for statistical analysis of DNA copy number gains and losses (Materials and Methods). In order to determine if the differences in hybridization efficiency were due to divergence of the DNA sequence, we compared the sequence of the 70 mer oligonucleotides between test strains and the reference strain from 13 genes that displayed diminished hybridization signals in test strains. Fragments of 13 genes corresponding to the 70 mer oligonucleotides were PCR-amplified from test strains and sequenced (Primer sequences are provided in Table 2 ). It was revealed that eight genes (orf19.5472, orf19.5474, orf19.5469, orf19.5475, orf19.109, orf19.48, orf19.107, orf19.6192) had from 100% to more than 97% similarity to the control sequences, while five genes (orf19.101, PHO81 (orf19.7475), orf19.5370, orf19.1831, HAL22 (orf19.105)) had from 92% to 70% similarity (data not shown). Thus, in approximately 50% of cases, the sequence divergence might account for the diminished signal intensities in the test strains.
We used quantitative real-time PCR (qPCR) to validate the loss of DNA in the eight genes with 100% to more than 97% similarity to the control sequences. Since array CGH revealed that the variable genes were scattered across the chromosomes, as well clustered in particular regions, several genes from these locations were also included in qPCR analysis, including the retrotransposon Tca4 open reading frames (ORFs) (RHD2 (orf19.2668), orf19.2669), retrotransposon Tca8 ORFs (POL93 (orf19.6078), orf19.6079), two genes on chromosome 6 (HAL22 (orf19.105), orf19.111), one gene near right sub-telomeric region on chromosome 3 (orf19.6191), two genes located on the arm of chromosome 2 (orf19.4069, orf19.4070). qPCR revealed that, except one gene, orf19.48, all the genes analyzed possessed copy number variations as indicated by array CGH. This finding suggests that, in addition to sequence divergence, copy number variations might also account for the diminished hybridization signals in the test strains. Primer sequences and the results were provided in Tables 3 and 4, genes, 702 genes were associated with diminished signal intensities and, thus considered as absent/divergent, while a total of 383 genes were associated with increased signal intensities and thus considered as amplified. A small number of genes, 31, were either absent/divergent or amplified in different isolates. Different number of variable genes was identified in each isolate, ranging from 97 to 446, as presented in Table 1 . Of the 1116 variable genes, 354 genes were shared between at least two isolates, including 196 putative genes of unknown function and 158 genes annotated with some molecular functions.
The variable genes could be found randomly scattered on each of the eight chromosomes. However, clusters of variable genes could be clearly identified in some particular regions, as presented in Fig. 1 (also see below) .
Copy Number Variations of Genes Near Sub-telomeric Regions Clusters of variable genes were revealed at subtelomeric regions of chromosomes 1, 2, and 3 ( Fig. 1) Near the right sub-telomeric region of chromosome 2, three consecutive genes (orf19.5370, orf19.5369, orf19.5368) spanning approximately 4.6 kb were absent in three isolates (P546, S204, S727), and the consensus FDR was 0.017.
Genes near both the left and the right sub-telomeric Near the right sub-telomeric region of chromosome 3, four consecutive genes (orf19.6192, orf19.6191, orf19.6190, orf19.6189) spanning approximately 12 kb were absent in three test isolates (S904, S197, S727). The consensus FDR for these genes was 0.017.
Variability of Retrotransposon-Encoded ORFs
In this study, probes representing ORFs of 8 retrotranspons were spotted on the microarrays, thus, providing an opportunity to investigate the corresponding ORFs copy number. As presented in Table 5 and Fig. 1 , there were 4 patterns of copy change in test isolates: the copies of the non-long terminal repeat (LTR) retrotransposons Zorro3 and Zorro2 were equivalent to or more than SC5314; Copies of LTR-retrotransposons Tca2, Tca3, and Tca8 were equivalent to or less than SC5314; Copies of LTR-retrotransposon Tca17 were equivalent to SC5314 in all test isolates; and copies of LTRretrotransposons Tca4 and TCA11 were equivalent to, more or less than SC5314 in different isolates. A Variable Region on Chromosome 6 In addition to sub-telomeric regions and retrotransposon insertion sites, we found a region on chromosome 6 where genes displayed high-frequency loss or gain of the copy number. This region spans approximately 11.782 kb with chromosomal coordinates 195973 to 207755 (Fig. 2) and contains eight ORFs: RIM9 (orf19.101), orf19.102, KAR5 (orf19.103), orf19.104,  HAL22 (orf19.105), orf19.107, orf19 .109, and CAN2 (orf19.111). A total of four genes RIM9, orf19.102; KAR5, and orf19.104 encode proteins with unknown functions and the rest four genes are annotated with molecular functions: HAL22 is a putative phosphoadenosine-5Ј-phosphate (PAP) or 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) phosphatase; orf19.107 is an RNA helicase; orf19.109 is an tyrosin-tRNA ligase; while CAN2 is an arginine transmembrane transporter. Consensus FDRs was less than 0.001 for this region. qPCR confirmed the copy number variations of the above genes (Table 4) .
Functional Analysis of Genes with Copy Number Variations
We attempted to analyze the molecular functions of 158 annotated genes that were shared between at least two isolates, with the Gene Onthology (GO) Term Finder, as well as with GO Slim Mapper. Both tools are provided by the Candida Genome Database (CGD). Go Term Finder searches for GO terms significantly shared by the query genes. The p-value was set to be Յ0.1. GO Slim Mapper maps annotations of a group of genes to more general terms and/or bins them into broad categories. We used chi-square test for significance analysis of the GO Slim Mapper result. For Go Term Finder, the query set was the 158 variable genes with annotations of molecular functions, and the background set of genes was specified as the total of C. albicans genes annotated with molecular functions, excluding genes with unknown function. We found no enrichment in any functional category with the two tools.
Aneuploidy of an Entire Chromosome or a Large Portion of Chromosome Array CGH unambiguously revealed chromosomal aneuploidy in two isolates: the duplication of an entire chromosome 1 in S197 and the loss of an approximately 55 kb portion of chromosome R in S241, as presented in Fig. 3 . The segmental aneuploidy in S241 extended from 479692 to 535105 bp encompassing a total of twenty genes. One gene, orf19.3746, was excluded from array CGH analysis because of the bad hybridization efficiency of genomic DNA from both SC5314 and S241 with the probes on the microarray. Ratios (S241/SC5314) of three genes, orf19.3749, orf19.3735, and orf19.3734, were approximately 1.0, thus, implying no change of the DNA amounts. A simple explanation of this result is the translocation of these genes on the other chromosome(s). Ratios of the remaining sixteen genes were approximately 0.5, which indicated the loss of one copy.
In addition, we found that the MTLa locus on chromosome 5 that spans approximately 9 kb is homozygous in S727. Although our microarrays lacked the probes representing the OBPa, PIKa, PAPa, and MTLa2 genes from the MTLa locus, we used PCR approach to amplify these genes from both MTL loci from the same batch of genomic DNA, which we used for array CGH. We found MTLa, but no MTLa locus (Fig. 4A, Table 6 ). Furthermore, we used qPCR to confirm that the MTLa locus is present in two copies (Fig. 4B , Table 3 ). Future research is needed to establish if the entire chromosome 5 or, alternatively, one copy of MTL was lost and subsequently duplicated.
DISCUSSION
The extent of genomic variation within a species is believed to contribute to the species survival in their natural environment. 25) Previous study of the C. albicans isolate ATCC10231 identified 42 variable genes, including 5 amplified, and 37 absent/divergent genes, as compared with SC5314.
16) It is of interest, that we found that 20 of the 42 variable genes in ATCC10231 were also amplified or absent/divergent in our isolates. However, in contrast to the ATCC10231, eight clinical isolates from this study revealed higher genomic variability. Of the 6111 chromosomal genes represented on our microarrays, approximately 1116 genes (18.3%) differed, as compared to the reference strain SC4314. The absent/divergent genes, ranging from 88 to 302, prevailed in a total of seven isolates, while the amplified genes prevailed in one isolate, S197, which was trisomic of chromosome 1. In this regard, full or segmental aneuploidy of different chromosomes that we found in three isolates also seems to be a frequent event. Aneuploidy of the entire chromosomes or large portions of chromosomes was previously largely investigated in C. albicans. 3, 14, 15, 26) Aneuploidy was revealed in clinical isolates, [27] [28] [29] as well as in vitro experiments that established formation of a specific chromosome alteration in response to a specific stressful environment. 3, [30] [31] [32] Our analysis with GO Term Finder showed no significant enrichment of any functional category among variable genes from different isolates. We interpreted this fact, as an indication that variability is not related to the function of the variable genes, but rather to the structural features of DNA. Indeed, substantial portion number of variations among genes occurred in the same regions on chromosomes in different isolates. These included sub-telomeric regions, retrotransposon-insertion sites, and other regions. Genome variability at sub-telomeric regions has been reported in such different organisms, as, for example, humans and S. cerevisiae, and is thought to result from ectopic recombination. 33, 34) C. albicans sub-telomeric regions contain repetitive sequences, including, for example, CARE-2 or Rel-2.
35) These sequences might contribute to the sub-telomeric instability.
Retrotransposon-insertion sites are known as regions that generate high genome diversity between yeast isolates and species. 36, 37) In the strain ATCC10231, 11 of the 42 variable genes were shown to be retrotransposon ORFs. 16) In this study, we revealed the high variability in retrotransposon composition, with copy number variations of retrotransposon 630 Vol. 34, No. 5
Fig. 4. Homozygosity at the MTL Locus in Isolate S727
Panel A is the result of PCR amplification of the MTLa locus genes (MTLa1, PIKa, PAP1, OBPa) and the MTLa locus genes (MTLa2, PIKa, PAPa, OBPa) with genomic DNA of isolates SC5314 and S727 as templates. Panel B is the result of qPCR analysis of the copies of MTL locus genes in S727 as compared to SC5314. Array CGH profile of the MTLa locus genes is also presented. ORFs as well as predicted ORFs located within retrotransposon. The high retrotransposon variability observed in this study raises the question whether the reduced number of retrotransposons could result from selective pressures that affect particular regions of the genome in response to adaptation to particular environments, and the increased number of retrotransposons results from stress-activated transposition. Among the seven retrotransposons identified with copy number variations, Zorro2, Zorro3, and Tca2 are active. 38, 39) In addition to sub-telomeric regions and retrotransposoninsertion sites, some variable genes were clustered in a region on chromosome 6 starting from 19.5973 to 20.6049 kb. A total of 6 of the 8 genes in this region varied in at least 3 of the 8 test isolates. This region was previously reported highly polymorphic in C. albicans genome. 40) In summary, this work provides the first comprehensive evaluation of intraspecies genomic variation with clinical isolates of C. albicans. We found genomic variability in different chromosomal locations scattered across the chromosomes, as well as clustered with high-frequency in certain portions of chromosomes, including the sub-telomeric regions, retrotransposon-insertion sites, as well as a variable region on chromosome 6. Genes of diverse molecular functions were involved, thus, indicating that, at least in some cases, the cause of the variability could be the structural features of the chromosomal regions. Further research is needed to elucidate the molecular mechanisms of the variability.
